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Introduction
The traditional view of biological membranes as passive, homogeneous structures [1] has been refined toward the picture of a heterogeneous material in which preferential association of certain lipids, sterols, and proteins can lead to the formation of nanodomains, or rafts [2] . This lateral segregation potential or "patchiness" of the membrane has important implications for many cellular processes, such as the folding of membrane proteins and their self-assembly into functional higher-order clusters [3, 4] , membrane fusion [5, 6] , protein trafficking [7] , and signal transduction [8] [9] [10] . However, despite recent progress [11] , the characterization of the structural heterogeneity in vivo remains very challenging, owing to the lack of experimental methods suitable for studying fluctuating nanoscale assemblies of lipids and proteins in living cells with the required spatio-temporal resolution [12] [13] [14] . Therefore, model membranes [15] [16] [17] [18] [19] and isolated plasma membranes [20] [21] [22] are more frequently studied. Under certain conditions, large-scale segregation into macroscopic phases can occur in these systems, which can be visualized with confocal microscopy. In particular, at cholesterol concentrations reminiscent of biological membranes (10-30 mol-%), ternary mixtures of saturated and unsaturated lipids can segregate into coexisting lipid domains of different fluidity, a liquid-ordered (l o ) and a liquid-disordered (l d ) phase.
The exact connection between macroscopic phase separation in model membranes and rafts in cellular membranes is not yet fully understood [23] [24] [25] . Recent data suggest that biological membranes are close to a miscibility critical point under physiological conditions, with compositional fluctuations on the b50-nm length scale, which may also be characteristic for lipid nanodomains in vivo [26] . Given its compositional complexity, it is clear that the heterogeneity of biological membranes cannot be ascribed to lipids alone: typical biological membranes are a mix of many different lipid species [27] and are highly crowded with proteins [4, 28] . In fact, mass fractions of 50% proteins are not uncommon, and even up to 75% have been reported for mitochondrial membranes [29] (this large fraction is not only due to the TM domains, but also includes the water-soluble parts). Protein-lipid and protein-protein interactions modulate the thermodynamics of lipid mixing [13, 30] and thus form the basis of the lateral organization principle in biomembranes [4, 31] . Although elastic bilayer theories [32, 33] can explain much of the underlying physics, to actually probe these interactions at the level of the individual residues or even atoms is a challenging task. Molecular dynamics (MD) type computer simulations are powerful tools to achieve that goal [34] . However, the slow lateral diffusion renders the equilibration of heterogeneous multicomponent mixtures of lipids and proteins computationally prohibitively expensive for conventional all-atom simulations. This limitation can be overcome with simplified coarse-grained (CG) models, whose efficiency enables to study biomolecular processes that take place on temporal and spatial scales of tens of nm and μs, respectively [35] . Recent CG simulation studies highlighted the importance of lipidmediated interactions between membrane proteins [36] [37] [38] [39] [40] [41] [42] [43] 105] . Reynwar and Deserno studied the effect of a near-critical binary lipid mixture on the clustering of peripheral membrane proteins, represented as simple hexagonal disks, adsorbed onto the bilayer [39] . These simulations provided the first molecularly detailed picture of how composition-mediated protein interactions can decrease the miscibility of the lipid components in a mixture that is close to the critical point.
To provide a closer link to processes occurring in real cell membranes, modeling at a higher level of resolution is warranted. Previously, Risselada and Marrink carried out CG-MD simulations of a lipid bilayer comprised of a ternary mixture of dipalmitoyl-phosphatidylcholine (diC(16:0)PC, DPPC), dilinoleoyl-PC (diC(18:2)PC, DLiPC), and cholesterol in a 0.42:0.28:0.30 molar ratio [44] . The MARTINI CG force field [45, 46] was used, in which on average~4 heavy atoms and associated hydrogens are mapped into a single CG bead. This level of coarsegraining preserves some chemical specificity of the molecules, such as, e.g., the distinction between single and double bonds in the lipid hydrocarbon tails. Starting from an initially random lipid distribution in the bilayer plane, Risselada and Marrink observed spontaneous separation into two fluid domains on the multi-μs time scale at 295 K [44] . The thicker liquid-ordered (l o ) lipid domain mainly comprised of saturated DPPC lipids and cholesterol, whereas the thinner liquid-disordered (l d ) domain was enriched in doubly unsaturated DLiPC lipids and contained less cholesterol. The properties of the formed domain were found to be consistent with experimental data on similar model membranes [47] .
Recently, Schäfer and coworkers [48] used CG-MARTINI and all-atom MD simulations to study the partitioning and clustering of transmembrane (TM) α-helices between the l o and l d domains in the ternary DPPC/DLiPC/cholesterol bilayer studied by Risselada and Marrink. As TM α-helices, WALP peptides of different length as well as the TM domains of the syntaxin-1A and of the linker for activation of T cells (LAT) proteins were used. Free energy calculations revealed that the enthalpic contribution due to the tight packing of the lipids in l o drives TM helices into the l d domains, irrespective of the hydrophobic mismatch between the length of the TM helix and the thickness of the bilayer hydrocarbon region. The partitioning observed in the simulations was confirmed by fluorescence microscopy [48] . The hydrophobic mismatch was found to regulate the clustering of the TM helices into either small and dynamic (small mismatch) or large and static (large mismatch) aggregates. In these simulations, a relatively small number of 12 TM helices were inserted into the bilayer to mimic the diluted conditions in the fluorescence experiments.
However, many biological membranes have a much higher protein content, which modulates the phase behavior. Furthermore, the driving force for phase separation is rather strong in the ternary DPPC/DLiPC/ cholesterol simulation system, in line with a high line tension of 14± 2 pN at the domain boundary interface [49] . The doubly unsaturated DLiPC lipids form a strongly disordered l d domain, while the almost complete depletion of unsaturated lipids leads to a high degree of order in the l o domain [44] . Experiments with model membranes reported smaller line tensions of the order of a few pN [17, 50] .
The aim of the present study is threefold: First, we characterized lipid compositions with a reduced driving force for segregation, which in this respect more closely resemble the typical model membrane systems studied experimentally. Second, we investigated the effect of a high concentration of TM α-helices on the mixing behavior of the lipids, and show how the addition of TM helices that preferentially bind to one lipid component can amplify non-ideal lipid mixing and bring the system closer to a miscibility critical point. Our third aim was to go beyond individual TM helices and study a realistic membrane protein. We therefore simulated the l o /l d partitioning of a multi-domain protein, the 7-TM helix protein bacteriorhodopsin (bR).
Methods

Molecular dynamics simulations
All simulations were carried out with the Gromacs (version 4.0.5) MD package [51] . The MARTINI coarse grained (CG) force field [45, 46] was used, together with a 20-fs integration time step. In MARTINI, particles that are not directly connected by bonds interact through a Lennard-Jones (LJ) 12,6-potential. The LJ interaction strength between beads, ε LJ , can adopt nine discrete values ranging from 5.6 kJ/mol to 2.0 kJ/mol. Coulomb interactions between (non-bonded) explicit charges, such as zwitterionic phosphocholine headgroups or charged amino acid sidechains, are treated by a Coulomb potential that is screened with a relative dielectric constant of ε r = 15. The LJ and Coulomb potentials are smoothly shifted to zero between 0.9 nm and 1.2 nm and 0 and 1.2 nm, respectively. Constant particle number, pressure, and temperature (NpT) ensembles were simulated within periodic boundary conditions. Semi-isotropic pressure coupling was applied by separately coupling the lateral (xy) and normal (z) directions to a pressure bath (p = 1 bar, τ p = 3 ps, χ = 3·10 − 5 bar − 1 ), yielding a tensionless bilayer. Temperature was maintained by coupling to a heat bath at 295 K, the chain melting temperature of a pure DPPC bilayer in the MARTINI model [52] , using a Langevin thermostat (SD integrator in Gromacs) with a friction constant of ζ = 0.2 ps − 1 (τ T = 5 ps). The local Langevin thermostat produces configurations in the canonical ensemble, but the diffusion depends on ζ [53, 54] : a small ζ does not substantially disturb Hamiltonian dynamics, whereas a large ζ results in a friction that is higher than the internal friction due to the collisions of the particles and thus quenches diffusion. To choose a proper ζ for our simulations, we carried out CG-MARTINI simulations of a DPPC bilayer at 323 K, and compared the diffusion coefficients obtained with the local Langevin thermostat and the velocity rescaling thermostat of Bussi and coworkers [55] . A small Langevin friction constant of ζ = 0.2 ps − 1 was found to sufficiently remove excess heat from the system, while it yields diffusion coefficients that are only about 10% lower than with velocity rescaling (with τ T = 0.3 ps), indicating that the dynamics is close to the Hamiltonian regime.
Molecular models
Molecules considered in this study are the saturated lipids dipalmitoyl-phosphatidylcholine (diC(16:0)PC, DPPC), dimyristoyl-PC (diC(14:0)PC, DMPC), and didecanoyl-PC (diC(10:0)PC, DDPC), the unsaturated lipids dilinoleoyl-PC (diC(18:2)PC, DLiPC), palmitoyl-linoleoyl-PC (C(16:0)-C(18:2)PC, PLiPC), and dioleoyl-PC (diC(18:1)PC, DOPC), as well as cholesterol, and the model transmembrane helix WALP23 (AW 2 L-(AL) 8 -W 2 A). Fig. 1 shows the MARTINI CG representations of the DPPC, DLiPC, cholesterol, and WALP23 molecules. Apolar hydrophobic C 1 -type beads were used to model the saturated segments of the hydrophobic lipid tails, whereas we used slightly less hydrophobic C 4 -type beads for the unsaturated segments, reflecting the larger polarizability of sp 2 -hybridized carbon atoms. The C 1 -C 1 and C 4 -C 4 interactions were modeled by a LJ interaction with ε C1-C1 =ε C4-C4 =3.5 kJ mol − 1 , whereas the C 1 -C 4 LJ interaction was slightly weaker, ε C1-C4 =3.1 kJ mol − 1 . This difference contributes to the driving force for segregation of the different lipid species. The full LJ interaction matrix of the MARTINI force field can be found in Ref. [45] . Palmitoyl and linoleoyl hydrocarbon tails were modeled with 4 beads, oleoyl tails with 5, myristoyl tails with 3, and decanoyl tails with 2 beads, respectively. The bending rigidity of the lipids was controlled by a harmonic angle potential between three consecutive beads. For saturated hydrocarbon tails, an equilibrium angle of θ 0 =180°and a force constant of k a =25 kJ mol − 1 rad − 2 were used. The kink in singly unsaturated oleoyl tails was described by an angle potential with
, which yields angle distributions matching those from atomistic simulations [45] . For the more flexible polyunsaturated tails, θ 0 =100°, k a =10 kJ mol − 1 rad − 2 and θ 0 =120°,
between the upper and terminal three beads, respectively, were used. These parameters were derived from atomistic simulations of stearoyl-docosahexaenoyl-phosphatidylcholine (SDPC) bilayers [56] and were applied in previous simulations in our group [44, 57, 58] and by others [59, 60] . The α-helicity of the WALP peptides ( Fig. 1) was imposed during the CG simulations through dihedral potentials between four consecutive backbone beads, with an equilibrium dihedral angle of 60°and a force constant of 400 kJ mol − 1 [46] . The Nand C-termini of the peptides were capped with uncharged P 3 -type beads. Lipid topologies, scripts to generate generic protein topologies, and force field parameters can be downloaded from our website www.cgmartini.nl.
System set-up
The lipid bilayer simulated by Risselada and Marrink [44] served as a platform for our simulations. This lipid bilayer comprised of 828 DPPC, 540 DLiPC, and 576 cholesterol molecules (1944 molecules in total), solvated by 12,600 CG water beads (one CG bead represents 4 atomistic water molecules in the MARTINI force field). The x,y,z-dimensions of the simulation box were about 22× 22× 7 nm. To reduce the line tension in this system, either the saturated component (DPPC) was replaced by shorter tail lipids (DMPC, DDPC), or the poly-unsaturated component (DLiPC) was replaced by more saturated lipids (PLiPC, DOPC). To change the saturated lipid component from DPPC to DMPC, the terminal bead from each DPPC hydrocarbon tail was removed. Changing the unsaturated lipids from DLiPC to PLiPC did not require removing or adding beads, since both lipids are comprised of the same number of beads in the MARTINI CG representation. The hydrocarbon tails of DOPC, however, are modeled by 5 beads in MARTINI [45] . Thus, to replace DLiPC by DOPC, beads had to be added. This was done by extending the box in the direction normal to the bilayer (z-axis) by 1 nm, removing the water, centering the membrane in the new box, and translating the upper and lower leaflets by +0.5 nm and −0.5 nm, respectively, along the z-axis. Then, the 5th tail beads were added to the unsaturated lipids, placed at a z-position 0.47 nm below (for the upper leaflet) or above (for the lower leaflet) the 4th tail beads of the respective lipids. The bilayer was then re-hydrated with 12,600 CG water beads (taking care that no water beads were added in the hydrocarbon region of the bilayer), energy minimized with 1000 steps of steepest descent, and equilibrated with harmonic position restraints on the phosphate headgroup beads (force constant 1000 kJ mol
) for 20 ns prior to the production simulation. To probe the role of cholesterol in the domain formation, additional simulations with 6, 10, 17, and 24 mol-% cholesterol were set-up by removing cholesterol from the original bilayer (containing 30 mol-% cholesterol); care was taken that the same number of cholesterol molecules was removed from both leaflets.
To simulate how TM helices can modulate the phase behavior, model TM helices (WALP23) were inserted into the lipid bilayers by overlaying the lipid bilayers with a lateral grid of helices (regularly distributed on the grid and not tilted with respect to the membrane normal), removing all overlapping lipid molecules, and energy minimizing the system (1000 steps steepest descent). While inserting 12 TM helices did not significantly reduce the number of lipids in the bilayer, inserting 64 TM helices yielded a bilayer with 490 DPPC, 252 DLiPC, and 356 cholesterol molecules, in addition to the 64 WALP23 peptides. Thus, comparatively more unsaturated lipids than saturated lipids were removed (due to the larger area per lipid of the former), which would have resulted in a rather small number of unsaturated lipids. Thus, we randomly replaced 90 saturated lipids by unsaturated lipids, taking care that the number of saturated and unsaturated lipids is the same in both leaflets. This yielded a simulation system with 400 DPPC, 342 DLiPC (or PLiPC), and 356 cholesterol molecules. For bR, a single protein was inserted into the bilayer, and all molecules that had at least one bead within 0.2 nm of the protein were removed from the system, followed by energy minimization (1000 steps steepest descent). This yielded a bilayer with 800 saturated lipids, 498 unsaturated lipids, and 540 cholesterols. For bR, the X-ray crystal structure at 0.155 nm resolution, PDB ID: 1C3W [61] , was used as the starting structure for our simulations. For generating the CG topology, the secondary structure elements were assigned with the program DSSP [62] . The structure was converted into its CG representation using the MARTINI mapping. The retinal moiety was removed from the structure, as it is buried inside the protein and is not expected to have an influence on the l o /l d partitioning. All backbone beads within a distance range between 0.5 and 0.9 nm were connected with harmonic bonds (force constant 500 kJ mol
) to ensure that the structure could not deviate strongly from the X-ray crystal structure during the CG-MD simulations; this combination of the distance range and force constant was chosen based on a recent systematic study on combining the MARTINI force field with an elastic network [63] . All simulations were started from a configuration in which the lipids were laterally mixed, i.e., a non-phase-separated configuration, unless noted otherwise. All simulations are summarized in Table 1 .
Analysis
Fraction of lipid-lipid contacts
To characterize the time course of the mixing behavior, we calculated the number of contacts between saturated and unsaturated PC lipids in the ternary mixtures, divided by the total number of contacts between unsaturated lipids with all other PC lipid molecules in the simulation system, i.e., saturated and unsaturated PC lipids. Two lipids were considered to be in contact if the distance between their phosphate headgroup beads was within 1.1 nm, which includes the solvent-separated peak in the radial distribution function. A 0.8-nm cutoff yielded very similar results (not shown).
Line tension
The line tension at the domain boundary interface, σ, was calculated from the pressure tensor according to
, where p ⊥ and p || are the pressure tensor components perpendicular and parallel to the interface (in the bilayer plane), respectively, L ⊥ and L z are the box dimensions perpendicular to the interface and along the bilayer normal, respectively, and factor 1/2 takes into account that there are two interfaces in the periodic simulation box. The brackets denote an ensemble average, which was taken over the second half of the simulations. The statistical error was calculated from the pressure fluctuations using a block averaging procedure, as described in Ref. [64] and implemented in the g_analyze tool of Gromacs.
Radial distribution functions
The radial distribution functions (RDFs) between phosphate headgroup beads in the bilayer plane were calculated by averaging over the last 1 μs of the simulations. The bilayer leaflets were analyzed separately, and a bin-width of 0.05 nm was used. To quantify the preferential solvation of the different lipid species in the ternary mixtures, we calculated the Kirkwood-Buff integrals [65] according to
where g ij (r) is the 2-dimensional radial distribution function between the molecules i and j. The integration was carried out up to a cut-off of R c = 3 nm, which is about the length-scale of non-ideal mixing in the analyzed systems (see Results and discussion). We then defined the preferential solvation parameter, δ, between saturated and unsaturated lipid components as δ = (
The deviation of δ from 0 describes the degree of non-ideal mixing.
Dynamical properties
We calculated the mean square displacement (MSD) of the molecules in the membrane plane, MSD = 〈|r(t + t 0 ) − r(t 0 )| 2 〉, where r is the center of mass vector of the molecule, and the time window averaging was done over all time origins t 0 . The last 4 μs of the simulations was analyzed; for the lipids, the two leaflets of the bilayer were analyzed separately. The overall center of mass motion was removed. Anomalous diffusion, or subdiffusion, is characterized by a nonlinear dependence of the MSD on time, i.e., MSD~t α with α b 1. The anomaly exponent, α, was obtained from the local slope of the MSD curves according to α = d(ln(MSD))/d(ln(t)), with 10-ns intervals for the linear fits.
To compare CG simulation times to experimental time scales, a possible speed-up in the simulations has to be taken into account: the energy landscape of CG models is smoother than that of atomistic models due to the removed friction from the motion of the individual atoms, and the energy barriers may also be smaller than at the fully atomistic level. For the MARTINI CG model, an effective speed-up of about a factor 4 was found for the lateral diffusion of DPPC lipids in a bilayer at 323 K [45] . Recently, we systematically compared simulated and experimentally measured lateral diffusion coefficients of WALP TM peptides in mono-unsaturated PC lipid bilayers of different thickness. The lateral diffusion coefficients obtained from our MARTINI CG simulations were about a factor of 4 higher than those from the fluorescence correlation spectroscopy experiments [66] , suggesting that a similar speed-up may also be applicable in the present case. However, the exact time-conversion factor is expected to vary with the composition and state point of the system, and may even be different for the different components in a multi-component mixture [67] . Since there are no experimental diffusion coefficients available for the systems studied here, we did not scale time and report plain simulation times in this work.
Results and discussion
This part is organized as follows: in Sections 3.1 and 3.2 we describe the results for ternary lipid systems, either with a reduced mismatch between the l o and l d domains (Section 3.1) or with a reduced concentration of cholesterol (Section 3.2). Sections 3.3 and 3.4 concern quaternary mixtures including model TM helices. We describe both the partitioning (Section 3.3) and dynamics (Section 3.4) of these mixtures. In Section 3.5 results obtained for a real membrane protein (bacteriorhodopsin) are presented.
3.1. Reducing the mismatch between the saturated and unsaturated lipids reduces the driving force for phase separation Cholesterol prefers saturated lipids over unsaturated lipids, leading to condensation into the l o phase with increased orientational order of the (saturated) lipid hydrocarbon tails to optimize the packing with cholesterol [68] . The concomitant increase in the mismatch between the effective lengths of the saturated and unsaturated hydrocarbon tails contributes to the segregation into l o and l d phases in ternary mixtures [69] . Hence, replacing DPPC in l o by lipids with shorter hydrocarbon tails and/or DLiPC in l d by less strongly unsaturated lipids (that thus effectively have longer tails) is expected to reduce the driving force for phase separation.
Ternary DMPC/DLiPC/cholesterol system
First, we investigated a ternary mixture of saturated PC lipids with short hydrocarbon tails, DLiPC, and cholesterol (0.42:0.28:0.30 molar ratio). We used a saturated phospholipid with three hydrocarbon CG beads in each tail (see Methods), which will be referred to as diC(14:0)PC (dimyristoyl-PC, DMPC); however, it generally represents saturated lipids with a tail length of 12-15 carbon atoms in the MARTINI CG force field. Experimentally, ternary mixtures of DMPC, DOPC, and cholesterol can undergo macroscopic phase separation in giant unilamellar vesicles [19] . Since the doubly unsaturated DLiPC used in our simulations increases the tendency to demix as compared to the singly unsaturated DOPC, our DMPC/DLiPC/cholesterol simulation system is expected to be able to phase-separate as well. Fig. 2 shows that the DMPC (cyan) and DLiPC (red) lipids in the ternary mixture segregate into two distinct domains, which form a striped pattern via the periodic boundaries of the simulation box. To characterize demixing, we calculated the fraction of DLiPC-DMPC contacts (see Section 2.4). Fig. 2B shows that the fraction of DLiPC-DMPC contacts decreases at the beginning of the simulation and stabilizes after about 5 μs, indicating that the phase separation process is completed.
As expected, the l o and l d domains are enriched in DMPC and DLiPC lipids, respectively (Fig. 2C) . Analyzing the equilibrium compositions at the core of the bulk domains formed at the end of the simulation shows that the l o domain is almost completely depleted of unsaturated DLiPC lipids (b1 mol-%) and comprises of about 60% DMPC and 40% cholesterol, whereas the bulk l d domain contains about 85% DLiPC, 5% DMPC, and 10% cholesterol. In the corresponding bilayer containing DPPC as the saturated component, the composition of the l o domain is also about 60% DPPC and 40% cholesterol, whereas the l d domain comprises of about 89% DLiPC, 3% DPPC, and 8% cholesterol. These latter values deviate slightly from the ones reported by Risselada and Marrink [44] and were obtained by extending the previous simulations, in which the phase separation process was not finished [49] .
To more quantitatively characterize the phase separation behavior, we calculated the line tension at the domain boundary interface from the pressure tensor (see Section 2.4). The obtained line tension of σ = 4 ± 2 pN is significantly smaller than σ = 14± 2 pN in the corresponding DPPC/DLiPC/cholesterol system [49] , see Table 1 . Since the compositional differences between the bulk domains in the DMPCand DPPC-containing ternary systems are rather minor, the significantly smaller line tension in the DMPC-containing bilayer is mainly attributed to the reduced thickness mismatch due to the similar effective lengths of the hydrocarbon tails of DMPC and DLiPC. Fig. 2D compares the thickness profiles of the DMPC-and DPPC-containing bilayers (solid and dashed line, respectively). In the DMPC-containing bilayer, the distances between the phosphate headgroups, d PP , are 3.88 and 3.63 nm in the l o and l d domains, respectively, a difference of only 0.25 nm. By contrast, the l o domain in the DPPC-containing bilayer is much thicker, 4.57 nm. Thus, as expected, the shorter DMPC lipid strongly reduces the thickness mismatch between the l o and l d domain as compared to DPPC, leading to the reduced line tension.
It takes significant time to equilibrate the compositions of the two domains and the domain boundary interface, a process that is driven by the slow lateral diffusion of the lipids. To assess whether our simulations are long enough to yield equilibrated configurations, we calculated the mean square displacement (MSD) of the lipids in the bilayer plane (see Section 2.4). During the 10 μs of simulation time, the DMPC lipids sampled a root mean square distance of (MSD) 1/2 ≈ 18 nm, which is larger than the stripe-width of the domains of~10 nm (Fig. 2) . Alternatively, we can estimate the diffusive relaxation rate, which for the striped l o /l d pattern of the membrane is given by r diff =(Dlat k 2 ), assuming that the composition modulation of wavelength λ =2π/k decays exponentially with a time constant τ diff =(r diff ) − 1 [39] . With λ ≈ 20 nm (twice the stripe-width) and a lateral diffusion coefficient of D lat ≈ 8 μm 2 s − 1 , τ diff ≈ 1.5 μs is obtained. Taken together, these considerations indicate that our simulations are long enough for equilibration of the lateral composition.
Ternary DDPC/DLiPC/cholesterol system
The above results show that ternary DMPC/DLiPC/cholesterol mixtures can undergo phase separation, and that the reduced mismatch between the lengths of the saturated and unsaturated hydrocarbon tails leads to a reduced line tension as compared to the corresponding system containing DPPC as the saturated component. To probe the effect of even shorter saturated lipids, we carried out a simulation with saturated lipids containing only 2 beads per hydrocarbon tail. This lipid is referred to as di(C10:0)PC (didecanoyl-PC, DDPC), but generally represents lipids with saturated tails of 8-11 carbon atoms in the MARTINI force field. Ternary mixtures of such short saturated lipids, longer-tail unsaturated lipids, and cholesterol have not been characterized experimentally, probably also due to the fact that very short lipids do not form stable lamellar phases on their own. In our simulations, the lamellar state is stabilized by the periodic boundary conditions.
As shown in Fig. 3 (panels A-C), our simulations predict that the ternary DDPC/DLiPC/cholesterol mixture does not phase separate at 295 K. The snapshot after 5 μs of CG-MD simulation (Fig. 3A) shows that the different lipid species are mixed, consistent with the almost unchanged fraction of DLiPC-DDPC contacts during the course of the simulation (Fig. 3B) . The hydrocarbon tails of DDPC are too short to strongly interact with the extended cholesterol ring moiety, and cholesterol is thus not able to order the short saturated tails sufficiently for forming an l o phase. To more closely characterize the degree of mixing and the spatial order, we calculated the radial distribution functions (RDFs) between phosphate headgroup beads in the bilayer plane. The RDFs (Fig. 3C ) are typical for a membrane in the fluid phase, with a rapid decay of the lateral order within about 3 nm. The different amplitudes of the cross-(dashed line) and autocorrelation (solid lines) functions also show that within a distance range extending up to about 2 nm, each lipid species is preferentially surrounded by its own kind, indicating non-ideal mixing on this length scale (see also Table 1 ). Within the simulation, the lipids sample a root mean square distance of about 25 nm, indicating that the simulation time of 5 μs is sufficient in this case.
Ternary DPPC/DOPC/cholesterol system
Next, instead of changing the saturated lipids of the ternary mixture, we altered the unsaturated lipid component. The initial choice for DLiPC was motivated by the fact that the doubly unsaturated lipids enhance the driving force for phase separation, while yielding domain properties similar to those observed in DPPC/DOPC/cholesterol bilayers that are more frequently studied experimentally [17] [18] [19] 47] . However, when we replaced DLiPC by DOPC in our simulations, separation into two macroscopic phases was not observed (Fig. 3, panels D-F) , although the lipids non-ideally mixed on a length scale up to~2.5 nm, similar to the DDPC/DLiPC/cholesterol mixture. A similar result was obtained in an additional simulation that was started from a demixed configuration, even at a lower temperature of 285 K (not shown). This apparent disagreement with experiments could either reflect a deficiency of the CG model used, or be due to finite size effects: a very small line tension would mean that the slow, large-amplitude fluctuations of the domain boundary interface may lead to an ill-defined interface due to the limited simulation time scale and size of our simulation box. To test whether such finite size effects could play a role, a four times larger lipid bilayer was generated by repeating the previous simulation system in both lateral dimensions, yielding a simulation box with lateral dimensions of about 44 nm. Although the simulation time of 3.2 μs that we could afford for this large bilayer is too short for the lipids to fully sample the bilayer plane, we expect that the onset of demixing would be observable already on this time scale (Fig. 2B) . However, the mixing behavior of this larger bilayer was very comparable to the smaller system (not shown). Another result that speaks against finite size effects is the simulation of a ternary DPPC/DLiPC/cholesterol mixture with 6 mol-% cholesterol, which does undergo phase separation on the 22-nm length scale of the simulation box (see Section 3.2), although the line tension is only~1-2 pN (Table 1) . Thus, we conclude that the reason for the disagreement with experiments is due to approximations underlying the CG force field. Apparently, a single double bond per hydrocarbon tail, represented by a C 4 -type bead and the appropriate angle potential (see Methods), is not sufficient to yield lipid phase separation. The DOPC model is currently being optimized to improve its behavior.
Ternary DPPC/PLiPC/cholesterol system
Instead of distributing the two double bonds over both hydrocarbon tails, we also considered C(16:0)-C(18:2)PC (palmitoyl-linoleoyl-PC, PLiPC) as the unsaturated component. In PLiPC, both double bonds are located in the sn-2 tail, while the sn-1 tail is completely saturated. In previous simulations of a DPPC/DLiPC/cholesterol bilayer doped with 2 mol-% PLiPC, the hybrid saturated/unsaturated tail lipid was found to co-localize with the DLiPC lipids in the l d domain [49] , suggesting that PLiPC might also form a stable l d domain on its own. Fig. 3 (panels G-I) shows that the DPPC/PLiPC/cholesterol mixture does not phase separate during our simulation. The RDFs reveal that the mixing is not ideal on a length-scale extending up to about 2.5 nm. The partitioning behavior of DPPC/PLiPC/cholesterol mixtures still remains to be characterized experimentally.
To further quantify the degree of non-ideal mixing, we calculated the preferential solvation parameters, δ, from the Kirkwood-Buff integrals (see Section 2.4.3). For ideal mixtures, δ =0, whereas δ N 0 indicates non-ideal mixing. The preferential solvation parameters found for the ternary DDPC/DLiPC/cholesterol, DPPC/DOPC/cholesterol, and DPPC/ PLiPC/cholesterol systems are δ =0.8, δ =1.1, and δ = 1.8, respectively. Thus, of these three mixtures, the PLiPC-containing bilayer deviates most strongly from ideal mixing.
Cholesterol is essential for complete fluid/fluid phase separation
Cholesterol plays a crucial role for phase separation into coexisting fluid domains. Binary mixtures of DOPC and saturated PC lipids do not show liquid/liquid coexistence [16] at any temperature, although at low temperatures, liquid/gel segregation can occur. Addition of at least~10 mol-% cholesterol, however, can trigger the segregation into μm-sized l o and l d fluid domains [16, 19] . We systematically investigated the effect of cholesterol on the mixing behavior of ternary DPPC/DLiPC/ cholesterol bilayers by varying its concentration in the range 6-30 mol-%. Fig. 4 shows that phase separation into two distinct lipid domains was observed at all cholesterol concentrations investigated. The segregation of the systems with 6 and 10 mol-% was significantly slower than for the higher cholesterol concentrations (Fig. 4A) , indicating a reduced driving force for demixing. As shown in Table 1 , the line tension drops approximately linearly in the 17-30 mol-% concentration range, with the 10 and 6 mol-% cholesterol mixtures having line tensions of~1-2 pN. Consistent with the low line tensions, the domains formed in these simulations were highly dynamic on the time-and length-scales of our simulations, with a strongly fluctuating boundary interface (Fig. 4B, C) .
In this context, it is also interesting to investigate the effect of completely removing cholesterol, i.e., a binary DPPC/DLiPC mixture. Based on the experimental results obtained for DOPC as the unsaturated component [16, 19] , it may be expected that macroscopic phase separation should not occur in the simulations. Indeed, in previous CG-MARTINI simulations of binary DPPC/DLiPC mixtures, no segregation was observed at 295 K, although the mixing of the two lipid components was not ideal, with density fluctuations on the nm length scale [44, 70] . Compared to DOPC, the doubly unsaturated DLiPC used in our simulations increases the tendency to demix, explaining the low concentration of cholesterol sufficient for phase separation (b6 mol-% in the case of DLiPC, compared to N10 mol-% for DOPC [16, 19] ).
TM helices accumulate in l d phase and amplify non-ideal mixing close to the critical point
To probe the influence of TM helices on the phase separation of the lipids, we inserted 64 α-helical WALP23 peptides into the ternary DPPC/DLiPC/cholesterol and DPPC/PLiPC/cholesterol bilayers, respectively, yielding simulation systems with a peptide-to-lipid ratio of~23% by mass (Table 1 ). This high concentration of TM helices was chosen to mimic the highly crowded situation in some biological membranes, which can contain up to 50-75 mass-% of proteins (this fraction also includes the non-TM parts of the proteins) [29] . We used WALP peptides as canonical models for α-helical TM domains (Fig. 1) . WALPs are comprised of alternating alanine and leucine residues, flanked by tryptophanes to anchor the peptide in the membrane interface. They were designed as probes to study the behavior of TM domains in model systems, such as their mode of insertion, aggregation, and partitioning [71] . In our previous simulation study [48] , we found that WALP peptides have a strong thermodynamic preference for the l d phase: the free energy difference of transferring a single monomeric WALP23 from l o to l d is about − 60 kJ mol − 1 in the segregated DPPC/DLiPC/cholesterol bilayer. Furthermore, from counting the number of dimers observed during the simulations [72] , we predicted a dimerization free energy of −12 ± 2 kJ mol
for WALP23 in the DLiPC-containing l d domain [48] , in agreement with fluorescence resonance energy transfer (FRET) experiments on similar model TM α-helices [73] . Thus, both the l o /l d partitioning and the interactions (dimerization) of the TM helices are realistically described by the MARTINI CG model, motivating our choice for the WALP peptides.
3.3.1. Quaternary DPPC/DLiPC/cholesterol/WALP23 system Here we consider the effect of the TM peptides on the strongly phase-separating DPPC/DLiPC/cholesterol mixture. Fig. 5 shows that phase separation occurs even in the presence of a high concentration of TM helices; similar results were obtained in additional simulations with a peptide-to-lipid (P/L) ratio of 35 mass-% (not shown). Judged by the fraction of lipid-lipid contacts (Fig. 5B) , phase separation is completed after about 5 μs, similar to the simulation without peptides. All WALP23 peptides segregate into the l d domain, in agreement with the strong thermodynamic preference for l d . The segregation of the TM helices into the disordered domain leads to a very high P/L ratio of about 1:5 in l d . As a consequence, almost all WALPs are loosely connected and form one large network.
Quaternary DPPC/PLiPC/cholesterol/WALP23 system
Next, we investigated how TM helices alter the phase behavior of the ternary DPPC/PLiPC/cholesterol mixture. In the absence of TM helices, this bilayer did not segregate into two distinct lipid phases in our simulation at 295 K, although the mixing is not ideal up to a length scale of~2.5 nm (Fig. 3 ). Fig. 6 shows that in the presence of a high concentration of WALP23 TM peptides, the lipids are more heterogeneously mixed. The RDFs in Fig. 6B display long-range tails that cross at around 6 nm, indicating differential solvation of the lipid components up to this length scale. The amplification of non-ideal lipid mixing is also evident from evaluation of the Kirkwood-Buff integrals (up to R c = 6 nm), which yielded a preferential solvation parameter of δ = 15.1, as compared to δ = 1.8 in the system without TM helices (Section 3.1.4). The WALP TM helices bind unsaturated lipids preferably over saturated ones and cholesterol. Since the DPPC/PLiPC/cholesterol mixture is relatively close to the critical point, the free energy penalty for demixing of the lipid components is rather small. By bridging the unsaturated lipids, the weak (lipid-mediated) connectivity between the TM peptides thus couples to the level of the lipids as well, promoting their segregation. This interpretation implies that the size of the formed lipid domains should depend on the concentration of TM peptides. To test this hypothesis, we carried out an additional 20-μs CG-MD simulation with only 12 WALP23 TM peptides in the DPPC/PLiPC/cholesterol bilayer ( Table 1 ). The RDFs in Fig. 6C show that, indeed, this lower concentration has a much less pronounced effect. The WALP TM peptides form small and transient clusters (mostly dimers, trimers, and tetramers), which occasionally exchange individual monomers between them through dissociation/reassociation (not shown), qualitatively similar to our previous simulations [48] . The preferential solvation of these small clusters by unsaturated lipids is not sufficient to induce non-ideal lipid mixing on a length scale N 3.5 nm.
Crowding slows down lateral diffusion
The clustering of the TM helices is a slow process. The mean square displacement (MSD) curves (see Section 2.4) in Fig. 7 show that the WALP peptides in the highly crowded l d domain of the DPPC/DLiPC/cholesterol bilayer (Fig. 5 ) need about 0.4 μs to sample a root mean square distance of~1 nm in the membrane plane, which corresponds roughly to their own diameter. Thus, although several transient binding/unbinding events of individual monomers are observed, our simulation is clearly not long enough to achieve full sampling; the required ms time scale is currently out of reach even for our CG-MD approach. The MSD of the 64 WALP peptides in the crowded bilayer (Fig. 7 , black squares) may be compared to the more dilute case of only 12 WALP23 peptides (P/L = 1:50, black crosses). These latter data were extracted from our previous simulation [48] , in which the peptides were observed to form small transient clusters, mostly dimers. Since the l d phase comprised of 540 DLiPC lipids in our previous simulation [48] , the P/L ratio was about 1:50, compared to 1:5 in the l d phase of the crowded bilayer. The MSD curves in Fig. 7 show that the lateral diffusion of the TM peptides in the crowded system is slowed down by a factor of~10 in the long-time limit as compared to the more dilute bilayer, in agreement with experimental findings [74] [75] [76] [77] . In addition to the TM peptides, also the diffusivity of the lipids is affected: the motion of the DLiPC lipids in the l d domain is confined by the TM helices, slowing down diffusion by about a factor of 5 in the long-time limit as compared to the more dilute case (red curves in Fig. 7) . These results agree with a recent all-atom MD simulation study of a voltage-gated ion channel in a lipid bilayer [78] , which showed that lipids within a radius of 3 nm from the protein surface diffuse significantly slower than bulk lipids. In our simulation, there are essentially no bulk ("free") lipids in the highly crowded l d domain, because they are either bound to the TM helices or close to the domain boundary interface. By contrast, the diffusivity of the DPPC lipids in the peptide-free l o domain was not significantly slowed down (cyan curves in Fig. 7) .
Different possible reasons for the observed retardation of diffusion in cellular environments were suggested, emphasizing the role of cortical factors, such as actin or spectrin filaments (pickets and fences model, [75] ), or an increased apparent membrane viscosity due to molecular crowding [76, 77, 79] . Our findings seem to support the crowding model, as we observe a significant slowing down in the absence of a cytoskeleton. However, this interpretation has to be taken with care, because of the different length-and time scales covered by our simulations (~10 nm, μs) and typical experiments, such as singlemolecule tracking (~100 nm, ms). In fact, a transient scaling of the apparent diffusion coefficient in biological membranes over several orders of magnitude is observed [74, 75, [80] [81] [82] [83] . Such anomalous diffusion, or subdiffusion, is characterized by a nonlinear dependence of the MSD on time, i.e., MSD~t α with αb 1. Several microscopic models for subdiffusion have been suggested, such as obstruction [82] , fractional Brownian motion [84] , and the continuous-time random walk [85] . Owing to the complex composition of cellular membranes, it is still discussed whether these models can explain the actual physical origin of subdiffusion [86] [87] [88] . The current interest in subdiffusion as an efficient mechanism of search and association in physiological situations [89, 90] motivated recent molecular simulation studies, which provided detailed insights into subdiffusive behavior of lipids [91] and linear polymers of model TM proteins [92] in bilayers. Fig. 7 (inset) shows the anomaly exponent, α, as obtained from our simulation with 64 TM helices, i.e., with P/L=1:5 in l d . Subdiffusive behavior (αb 1) occurs up to the μs observation time, since the motion of the molecules is confined to the respective domains on this time scale. For longer observation times, the diffusion will slowly but unequivocally approach the normal Brownian regime characterized by α=1.
Bacteriorhodopsin partitions into l d domains
Finally, instead of using individual TM α-helices, we studied the l o /l d partitioning of the α-helical 7-TM protein bacteriorhodopsin (bR). In giant unilamellar vesicles composed of a 1:1:1 mixture of sphingomyelin, DOPC, and cholesterol, bR was found to partition into the l d domains with a partition coefficient of~50 at a protein-to-lipid molar ratio of about 1:1000 [93] . In our simulation of a single bR molecule embedded in the phase-separating DPPC/DLiPC/cholesterol bilayer, we found bR to partition into the l d domain, in agreement with experiment. The headgroup-headgroup distance is 4.6 and 3.65 nm in the l o and l d domains, respectively (Fig. 2) , implying hydrophobic thicknesses of about 3.6 and 2.65 nm, respectively. Since the TM dimension of the hydrophobic surface of bR is~3.0 nm [94] , the observed partitioning of the protein into l d could be expected simply based on hydrophobic matching. To test this, we set up a second simulation with DMPC instead of DPPC, which reduces the hydrophobic thickness of the l o domain to~2.9 nm (Fig. 2) . Thus, in this latter bilayer, bR fits better (in terms of hydrophobic matching) into the l o than into the l d domain. As shown in Fig. 8 , also in this simulation, bR partitions into the l d domain. These results provide further support for the experimental finding that hydrophobic matching alone does not determine the l o /l d partitioning of TM proteins in synthetic model membranes [95] [96] [97] [98] [99] [100] [101] [102] , since the enthalpically unfavorable disturbance of the tight packing of the lipids in the l o domains drives the TM inclusions into the l d domains [48] . Although the situation in model membranes differs from that in real cell membranes, it may thus not be surprising that post-translational lipidation is an important and often required additional factor for raft targeting of TM proteins [103, 104] .
We are currently investigating the partitioning of lipid-anchored proteins with CG-MD simulations.
Conclusions
In this work, we studied heterogeneous multi-component mixtures of saturated lipids, unsaturated lipids, cholesterol, and TM proteins using coarse-grained molecular dynamics simulations. We showed that reducing the mismatch between the length of the saturated and unsaturated lipid tails leads to a smaller driving force for segregation into coexisting liquid-ordered and -disordered lipid domains. Furthermore, we quantified the effect of cholesterol, which is essential for phase separation. For the DPPC/DLiPC/cholesterol lipid mixture, which has a strong tendency to segregate, macroscopic phase separation was found also in the presence of a high concentration of α-helical transmembrane peptides that partitioned into the liquid-disordered domain. The crowding in the formed lipid/TM helix domain, which may be reminiscent of biological membranes, significantly slowed down lateral diffusion by a factor 5-10 as compared to the dilute case. Furthermore, simulations of the DPPC/PLiPC/cholesterol bilayer, which in the absence of TM α-helices less strongly deviated from ideal mixing behavior, showed that a sufficiently high concentration of TM peptides can enhance the non-ideal mixing of the lipids and bring the system close to the miscibility critical point. Finally, the 7-TM protein bacteriorhodopsin was found to partition into the liquid-disordered domains in phase-separated bilayers, irrespective of hydrophobic matching.
The current quantitative proteomics/lipidomics and structural genomics approaches continue to map out the molecular structures and compositions of organisms with ever increasing detail. A challenge is to use this information to construct realistic in silico models, which can provide deep insights into the collective behavior of individual molecules that leads to the complex structural organization found in biological membranes. In this context, our work shows that it is possible to directly simulate the dynamic interplay and reorganization of lipids and proteins in compositionally heterogeneous and crowded model biomembranes with efficient yet chemically detailed coarsegrained models, a step toward realistic simulations of simple yet compositionally complete cellular membranes.
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